Resonance-enhanced multiphoton ionization photoelectron spectroscopy of Rydberg states of N 2 O below the X 2 Π ionization limit J. Chem. Phys. 109, 7844 (1998) Cooper minima are predicted to occur in the 3pu-+ku(/ = 2) and 3pu-+k1T(/ = 2) channels in the resonance enhanced multi photon ionization of NO via the D 2~ + (3pu) Rydberg state. The low energy ku( 1= 2) Cooper minimum leads to the observed t:.N = N + -N' = 0 photoelectron peak, in addition to the t:.N = ± 1, ± 3 peaks seen in the rotational spectra.
I. INTRODUCTION
Resonance enhanced multi photon ionization-photoelectron spectroscopy (REMPI-PES) of molecules has become a powerful tool for probing the characteristics of intermediate electronic states and the dynamics of excited-state photoionization. I -3 The REMPI-PES technique has been employed successfully in studies of several diatomic molecules (e.g., NO, H2O D 2 , CO, N 2 , O 2 , 1 2 ).1-19 In many of these cases, the photoelectron detection scheme had insufficient energy resolution to distinguish the outgoing photoelectron associated with a specific rotational level of the molecular ion. Important exceptions are the pioneering studies by Miiller-Dethlefs et al. 9 and Sander et al. \0 who achieved an energy resolution of less than 1 cm -1 by using the zerokinetic-energy (ZEKE) technique, by Reilly and coworkers4-7 who investigated REMPI of NO via the A 2~ + (35U), C 2 IT(3p1T), andD ~~ + (3pu) Rydberg states, and by Allendorf et al. 8 who studied (1 + 1') REMPI rotational branching ratios and photoelectron angular distributions of NO via the A 2~ + (35U) state. These rotationally resolved photoelectron energy distributions and associated photoelectron angular distributions have stimulated a number of ab initio studies. 2°-25 Parity selection rules,2o,26-28 which govern the changes of rotational angular momentum t:.N = N + -N', with N + and N' the rotational quantum numbers ofthe ionic and intermediate states, respectively, have been emphasized throughout these studies both experimentally and theoretically. For example, they correctly account for the dominant t:.N = 0 peak and the weaker t:.N = ± I, ± 2 peaks seen in a) Contribution No. 8464.
(1 + 1') REMPI of NO via the A 2~+(35U) Rydberg state4 --6,8,9,20 and the t: .N = 0, ± 2 (ee line) and t:.N = ± 1, ± 3 (ff line) propensities in photoionization of different parity components of the C 2IT (3p1T) Rydberg stateS in (2 + 1) REMPI experiments. However, in the (2 + 1) REMPI of NO via the D 2~ + (3pu) state,4.2l,22 an intense and unexpected t:.N = 0 peak was observed 1ll addition to the anticipated t:.N = ± 1, ± 3 peaks. According to the propensity rule, this unusual peak should derive predominantly from odd partial waves, particularly I = 1 (p-wave). On the other hand, self-consistent field (SCF) calculations show that the Rydberg orbital of the D ~~ + (3pu) state contains only a small amount of s or d character. 5 . 7 ,29 An atomiclike propensity rule, which would predict I = 0 and I = 2 character for the photoelectron, Le.,1 = 10 ± 1, where 10 is a partial wave component of the Rydberg electron, thus seems wholly inadequate. Theoretical studies initially attributed this t:.N = 0 peak to essentially I mixing in the continuum which gave rise to a significant I = 1 photoelectron matrix element. 22 In a recent (1 + 1') REMPI-PES study, it was further argued that coupling between vibronic levels of the
Rydberg states also contributed to the observed intensity of this t:.N = 0 peak. 7
In the present work, we reexamine the ion rotational distributions seen in (2 + 1) REMPI of NO via this D 2~ + (3pu) state and demonstrate that a Cooper minimum 3 0-38 around 0.33 eV in the 3pu-+ku(/ = 2) photoionization channel plays a crucial role in determining the observed t:.N = 0 peak. In fact, it is the depression of the I = 2 wave and subsequent enhancement of the relative contribution of I = odd waves brought on by this low-energy Cooper minimum that results in the unusual t:.N = 0 peak in the ion rotational distribution and the dependence of the rotational branching ratios on photoelectron energy. Our ab initio calculations predict that Cooper minima exist in the 3pu-+ku(l = 2) and 3pu-+krr(l = 2) channels for pho- 3d,4s) state occur at approximately the same photoelectron kinetic energy (2.6 eV in the kuand 2.9 eVin the k1T channels) which allows production of molecular ions in a specific rotational level; however, those predicted via the D 2~ + (3pu) state occur at quite different kinetic energies (0.33 eV in the kuand 3.2 eVin the k1Tchannels). A Cooper minimum has also been identified in the optical-optical double resonance spectra via the C 2 IT(3p1T) Rydberg state of NO. 41 However, no Cooper minimum has been found in photoionization of the A 2~ + (3su) state within the -0-10 eV kinetic energy range studied.
In this paper, we systematically investigate how these newly identified Cooper minima affect the rotational branching ratios and photoelectron angular distributions in (2 + 1') REMPI via the D 2~ + and C 2IT Rydberg states of NO. The photoelectron energy dependence of rotational branching ratios and angular distributions are examined, including amplitudes of relevant photoelectron matrix elements. Additionally, in light ofthe presence of these Cooper minima, we have reexamined the ionic rotational branching ratios in the (2 + 1) REMPI of NO via the D 2l: + (3pu) state in more extensive calculations. The resulting branching ratios show a significantly stronger AN = 0 peak for photoelectron detection parallel to the laser polarization than seen in earlier studies. 
They are viewed as two-step processes with a two-photon absorption from an initially unaligned X 2IT ground state (all MJ o levels equally populated) to the D2~ + or C
The photoelectron signal detected along the polarization direction of the laser is given by /30 
III. RESULTS AND DISCUSSION

A. Dipole matrix elements and Cooper minima
In Fig. 1 , we show the magnitude ID} -) I of the incoming-wave normalized partial wave dipole amplitude as a function of photoelectron kinetic energy for photoionization channels 3pu-+ku [ Fig. 1 Fig. 1 (a) for the 1= 2 wave. Here the first radial node of the 1= 2 continuum wave occurs near the maximum of the outermost loop of the 3pu Rydberg orbital, resulting in cancellations in contributions to the photoionization matrix elements. These molecular Cooper minima for excited states are similar to the atomic 3p -+ kd Cooper minimum observed in ground state photoionization of rare gas atoms 3 0-32 and photoionization of excited states of heavier atoms. 33 For excited (Rydberg) states, the Cooper minima occur at much lower kinetic energy than that typically observed from the ground state due to the outward displacement of the radial node of the Rydberg orbital. The Cooper indicates strong I mixing which cannot be accounted for by atomiclike selection rules. The nearly pure p-wave character (98.77%) of the D 2~ + (3pu) state would predict predominant s-and d-wave contributions to the photoelectron matrix element. Note that in the case of REMPI via the H 2l: + (3d,4s) state,4O the predicted Cooper minima occur at nearly the same photoelectron kinetic energies in both the ku and krr channels due to similar I mixing in both channels and a lack of predominant odd waves in either channel over the relevant energy range.
In Fig. 2 to highly excited Rydberg states. 41 A Cooper minimum in optical-optical double resonance spectra for Rydberg-Rydberg transitions in NO via the C 2n state has been identified and discussed by Fredin et al. 41 In Fig. 3 , we show ID j-) I and Dr = 2 as a function of photoelectron kinetic energy for photoionization of the NO C 2n Rydberg state. A Cooper minimum is predicted to occur -0.61 eV in the 3p1T-k8(/ = 2) channel as reflected in a sign change in D f. The odd partial wave contributions are not shown in Fig. 3 because of their small amplitude. The influence of these Cooper minima on ion rotational distributions will be discussed in the following sections.
B. REMPI spectra via the D2l;+(3pu) Rydberg state
In Fig. 4 , we compare our calculated photoelectron spectra (right-hand side) with the experimental spectra between the calculated and experimental spectra is quite good for both parallel and perpendicular detections. The tl.N = 0 peaks have the strongest intensity in both the calculated and measured ion rotational distributions for photoelectron detection parallel to the laser polarization. In a previous study by Rudolph et al., 21, 22 the tl.N = 0 signal was significant, but somewhat weaker than observed in the experiment. 4 The differences between these calculations is due to our use here of a more extensive basis including diffuse Gaussian d functions at the center of mass. The calculated ion rotational distributions in the vicinity of a Cooper minimum can be very sensitive to the inclusion of such basis functions. Examination of ID } -) I for the D 2~ + state (Fig. 1) shows that the Cooper minimum in the 3pu-+ku(l = 2) channel plays an essential role in the occurrence of the tl.N = 0 peak, since depletion of the I = 2 wave enhances the relative importance of the 1= 1 partial wave in its vicinity.
The Cooper minimum in the 3pu-+k1T(l = 2) channel may also affect the tl.N = 0 signal, however, it is not as significant as that of the ku channel due to the weaker odd waves in the continuum and occurrence of the minimum at higher kinetic energy. Figure 5 depicts the photoelectron spectra with the laser polarized parallel and perpendicular to the flight direction for (2 + 1') REMPI via the S21 (11.5) rotational branch at several photoelectron kinetic energies. The integrated photoionization cross sections, suitable for comparison with results obtained using the time-of-flight technique equipped with a magnetic bottle apparatus,49 are also shown. The range of kinetic energies is chosen to illustrate the effect of both Cooper minima (see Fig. 1 ). The ionic rotational branching ratios are strongly dependent on photoelectron kinetic energy due to the changes in the partial wave composition in the matrix elements D } -) around the Cooper minima. In Fig. 6 , we show the photoelectron angular distributions corresponding to the tl.N = 0-3 transitions of the rotational branching ratios of dependent on the presence of the Cooper minimum in the 3P1T-+ko(/ = 2) channel because other partial waves associated with the ku and k1T channels dominate near threshold (Fig. 3) . The atomiclike behavior of the C state (i.e., small odd-wave contributions) also leads to this result. However, the photoelectron angular distributions, shown in Fig. 9 , are strongly dependent on the kinetic energy, due to the interference of alternative dipole amplitudes D i -) with the 3P1T-+ko(/ = 2) channel exhibiting the Cooper minimum.
